The clustering amplitude of 7143 clusters from the Sloan Digital Sky Survey (SDSS) is found to increase linearly with cluster mass, closely agreeing with the Gaussian random field hypothesis for structure formation. In detail, the observed correlation length exceeds pure cold dark matter (CDM) simulation predictions by 6%, for the standard Planck-based values of the cosmological parameters. We show this excess is naturally accounted for by free streaming of light neutrinos, which opposes gravitational growth, so that clusters formed at fixed mass are fewer and hence more biased than for a pure CDM density field. An enhancement in the cluster bias by 7% matches the observations, corresponding to a total neutrino mass, m ν = (0.11 ± 0.03)eV, for the standard relic neutrino density. If ongoing laboratory experiments favor a normal neutrino mass hierarchy, then we may infer a somewhat larger total mass than the minimum oscillation based value, m ν 0.056eV, with 95% confidence. Much higher precision can be achieved by applying our method to the more numerous galaxy groups present in the SDSS, for which we predict an appreciable clustering enhancement by neutrinos.
INTRODUCTION
The standard picture that cosmic structure develops gravitationally from a Gaussian random field (GRF) predicts the amplitude of clustering should increase steadily with density contrast [3] [4] [5] [6] [7] . This inherent property of a GRF, known as clustering "bias", accounts approximately for the factor three larger correlation length of clusters relative to galaxies [3] . Subsequent N-body simulations have fully demonstrated that collapsed halos formed from a GRF should be biased in this fundamental way, [8] . Simulations also predict this clustering bias should increase with redshift as halo abundance declines with increasing redshift, particularly for the most massive clusters. The effect of light neutrinos is to slightly exaggerate both of these effects by smoothing the density field, thus slowing the growth of structure.As a consequence the abundance of clusters is reduce [9] whereas the clustering amplitude relative is enhanced to a pure CDM density field, as we quantify here in detail.
Measuring this fundamental link between halo mass and clustering bias has not proved feasible using galaxies. Virial masses are hard to define observationally and galaxy correlation functions are found to depend strongly on galaxy type and luminosity with a complexity that cannot be simply linked to the growth of structure. In contrast, cluster masses can be directly inferred from gravitational lensing and correlate almost linearly with the number of member galaxies, following a clear mass-richness (MR) relation [1, 2, [10] [11] [12] [13] .
Large surveys are now underway to realize the anticipated sensitivity of cluster abundance to the growth of the cluster mass function [14] , including a predicted small additional suppression of their numbers by neutrino free-streaming [15] [16] [17] . This suppression is claimed to be close to detection in an initial SZ-selected sample of 370 clusters [18] and in combination with other methods provides m ν 0.14ev ( [21, 22] ), tightening the robust 95% upper limit of < 0.25 eV from the pure Planck analysis [23] . This claimed improvement over Planck rests on uncertain assumptions about the inherent spread in mass of strong SZ detected clusters, among which cluster collisions are relatively common [24] , that compress the gas and thereby boost the SZ signal [25, 26] .
Here we develop and apply a clustering based method that is sensitive to the effect of neutrinos, using the correlation length of optically detected clusters from the thoroughly tested and currently largest and most complete survey of SDSS clusters identified by the RedMapper team [27] [28] [29] . This large RedMapper sample has been made redshift complete in our arXiv:1711.05210v2 [astro-ph.CO] 18 Nov 2017 earlier work by [1, 2] , by cross correlation with the BOSS spectroscopic data that includes over 7000 clusters for which precise correlation functions have been estimated [1, 2] . The correlation function scales as the square of the bias, which we show here is already sensitive enough to detect the effects of even the minimum neutrino mass inferred from the oscillation experiments, of m ν 0.056eV.
We rely on the latest Planck determinations of all the cosmological parameters [30] required here for the theoretical calculation of the bias enhancement by neutrinos and for the comparison with the MXXL cosmological simulations, where for a flat cosmology, Ω Λ = 0.6911, Ω m = 0.3089, Ω b = 0.0497, h = 0.6773, and hence the only flexible quantity is the cold dark matter density, defined as,
94.07 ev . In this analysis, we first examine one dominantly massive neutrino, to test the case of the standard neutrino hierarchy, and then we discuss implications for the inverted hierarchy, which may be favored by our results. The most important prior here is the normalization of the mass function set by σ 8 , which for Planck is well constrained to be σ 8 = 0.816 ± 0.015 [30] . Note that the recent lower estimates of this quantity from weak lensing based claims of the KIDS survey are much less certain (Hildebrandt et al. 2017; Kohlinger et al. 2017), and show internal inconsistency according to [31] , which may result from "dilution" of the lensing signal when relying on limited broadband, photometric redshift estimates, as stressed in [32] .
NEUTRINO BIAS ENHANCEMENT FOR CLUSTERS.
We first present a consistent formalism for the biasing effect of light neutrinos on cluster scales, emphasizing that the cluster correlation provides a relatively sensitive way of detecting the effect of standard relic neutrinos. Furthermore, the cluster correlation function is now much more precisely measured thanks to careful community effort with the SDSS survey, in particular the analysis of [1] where for the first time a large, and spectroscopically complete sample of SDSS clusters has been established, allowing the correlation function of clusters to be measured accurately for comparison with our model predictions.
Theoretical Considerations
Here we estimate the effect of light neutrinos on the correlation function of clusters from both the peak bias approach, [4] , (hereafter, BBKS), and for the empirically calibrated peak background split approximation, [7] , here after Sheth-Tormen (ST).
In the BBKS method, the bias is given by,
where
denotes the i-th spectral moments of the matter power-spectrum. We use the top hat filter function, W(kR) ≡ 3 (kR cos (kR) − sin (kR)) /(kR) 3 , is used as a smoothing factor. In addition, ν ≡ δ c /σ 0 , where δ c refers to the critical over-density, and the spectral parameter is defined by γ ≡ σ 2 1 /(σ 0 σ 2 ). Finally, we define the peak curvature as, x(ν) ≡ γν + θ(γ, γν) [4] , where θ(γ, γν) is given by,
In the ST approach, on the other hand, the bias is defined as,
where ν 1 ≡ (δ c /σ 0 ) 2 , employing the usual simulation calibrated free parameter preferences, a = 0.707, p = 0.3.
A first look at Eqs. (1) and (3), shows we should calculate the spectral moments of the matter power-spectrum as well as the critical over-density as the main ingredients. Different combinations of these two quantities appear in the bias formula. The former can be calculated using the matter power spectrum, conveniently given by the CAMB code [33, 34] . To estimate the critical over-density we determine the linearly evolved value of the initial over-destiny required to have collapsed at red-shift z. Assuming spherical collapse, which is a good estimate for heavy halos, we then calculate the evolution of the CDM + Baryon over-density,
where ρ ν = 2
exp (p/T ν )+1 refers to the neutrino energy density and p ν = 2
(2π) 3 f 1 (q, r, t) refers to the neutrino mass function interior to the radius R. f 1 is the linear perturbation to the Neutrino distribution function, f = f 0 + f 1 , which can be calculated from the evolution of the radius R, in the absence of the neutrino clustering, [35] ,
where δM(t) = M − 4π 3ρ cb R 3 and Θ denotes the Heaviside step function. In addition, α is defined as α ≡ T ν (η − η ) /(m ν r) and η is defined as, a 2 dη = dt. Note that both r and q are comoving quantities.
These are the set of the differential equations that must be solved together with the evolution of the Hubble parameter:
We now describe the initial conditions, for which there are three relevant quantities, δ cb,ini ,δ cb,ini , a ini . The first quantity determines the collapse redshift and relates to a second condition via:
, where the term in the parenthesis is free of any normalization and can be extracted from the CAMB code. Initiating the evolution at z 200, we read off the value of the initial scale factor. Using the above quantities, we can obtain,
depends on the value of the halo mass.
With these ingredients, we can solve for the evolution of the system. The only unknown quantity is the redshift of collapse. We treat this as a perturbation to a pure CDM based critical over-density, δ c,CDM = 1.68647, by truncating the evolution at a redshift once the non-linear over-density for any cosmology reaches this number. We then read off the linearly evolved over-density at this reference redshift as the critical over-density. This value together with the above, allows us to calculate the bias for both BBKS and ST, providing a comparison of these independent theoretical approaches.
Comparison with Observations
We now compare the above predictions of the neutrino bias enhancement with the clustering amplitude of the carefully constructed and well tested sample of SDSS clusters defined by the RedMapper team [27] [28] [29] has provided many insights, including accurate lensing and SZ based mass-richness relations [1, 2, 13, 36] . Redmapper clusters are determined to be complete to z = 0.33 in terms of detectability within the SDSS above a minimum richness of λ > 20 over this redshift range [27] [28] [29] . This completeness is strongly supported by [ that the observed amplitude scales with mass at almost the same rate as predicted by the MXXL simulation (dotted and dashed curves), thus confirming fundamentally the Gaussian field hypothesis for the formation of structure. In detail, the data lies significantly higher than the dashed curves of the pure CDM based prediction based on a fit to the cluster mass function from MXXL, by an average of 7%, and closer to the dotted curves that aim to fit the correlation function without reference to the mass function (see text).
where the observed numbers of RedMapper clusters are proportional to the cosmological volume in this range, but above which their numbers markedly decline with redshift relative to the available volume. Importantly, this sample has been made redshift complete by [1] for the first time, by cross correlating with the latest SDSS/BOSS spectroscopic redshift surveys, so that the correlation functions can now be well measured on small scales using these accurate redshifts.
The 2-point cluster correlation function of this complete sample is shown in Fig. 1 , where it is clear the correlation amplitude increases with cluster richness. This correlation function has been integrated on small scales along the line of sight to account for the well known velocity effects that otherwise affect pairwise distance separations. We compare this data with predicted correlation functions from the large, MXXL simulation of pure CDM [37] , scaled by the latest Planck cosmological parameters, following the prescription of [37] , for the same redshift range as the complete RedMapper sample, and integrated along the line of sight in the same way as the data. Two different sets of simulation based predictions are calculated, where the lower curves shown in Figure 1 are determined by a joint fit to the numbers of RedMapper clusters as a function of richness by solving simultaneously for the three free parameters of a power-law mass-richness relation: slope, scatter and the pivot point normalization (see [1] for details). Lying slightly above these curves there is another other set of simulation predictions for a different joint fit, which is made simply to the correlation function data together with the same three free parameters of the power-law mass-richness relation.
It is clear from Fig. 1 , that the observed cluster correlations are close to the MXXL predictions in slope and amplitude, with a similar increase of amplitude with richness, in excellent agreement with the GRF hypothesis for the origin of cosmic structure. In detail, the predicted correlation functions of the abundance-based fit fall systematically below the data and below the cluster based fit which matches well the data by design, as shown in Fig. 1 . However, this well clustering based fit strongly under-predicts the abundance of clusters by an order of magnitude on average with a steeper slope than the data which is statistically unacceptable, [1] . This mismatch was highlighted by [1] without any satisfactory resolution, with the difference between these two mass-richness relations found to be mainly in the normalization, with the correlation-function based predicted mean cluster mass being 56% higher in mass, M 200m = 4.7 × 10 14 M /h, than the abundance-based mean cluster mass (3.02 ± 0.11) × 10 14 M /h. This is a large difference in mass and reflects the relatively shallow dependence of clustering amplitude with mass, so that a substantially higher mean mass is required to match the observed clustering level but this corresponds to a much lower cluster abundance, strongly under-predicting the data because the cluster mass function is so inherently steep as can be seen in [1] , Figure 13 .
Here we point out that the larger mean mass of the correlation function fit (shown in Fig. 1 ) is excluded by the independent weak-lensing based mass-richness relation derived by [36] for the same RedMapper sample, where the mean mass is close to half this value, (2.70 ± 0.2) × 10 14 M /h, with a 7% estimated uncertainty [36] is consistent with our abundance based mean mass, differing by only 1.3σ, and excludes the clustering based mean fitted mass above by 8σ. Note we are also in good agreement with Simet:2016mzg in terms of the slope and normalization of the mass-richness relation. This WL based mass is also supported by a new mass-richness related analysis performed in [38] deriving a mean mass of 3.0 × 10 14 M /h using the same WL measurements as [36] for the RedMapper Sample. This independent agreement of independent weak lensing based masses with our abundance based best fitting mean mass now further motivates our exploration of the effect of light neutrinos on our observed mass function, as the amplitude is expected to be noticeably enhanced without significantly increasing cluster masses.
We now show how our excess correlation may be linked to the neutrino induced bias derived in the section above. For this purpose, let us recall the relation between the 2-point mass correlation function and that of collapsed halos: ξ HH (r) ≡ b 2 ξ MM (r), in which ξ HH denotes the correlation of the collapsed halos, where, b, is the bias. This may be linked to the mass power spectrum via: ξ MM (r) ≡ 1 2π 2 dkk 2 P(k)W(kr), with W(kr) referring to the top hat filter function.
Observationally we estimate the above correlation function with the following power-law scaling ξ(r) obs = (r/r 0 ) γ , of correlation length, r o and with slope which is γ = 1.7 ± 0.05. We compare ratio the observed correlation length over that from the LCDM simulation, to the theoretical bias ratio via : which includes a correction from ξ MM (ν)/ξ MM (LCDM) to account for the fact that the MXXL simulation of LCDM is based on a mass function that does not include neutrinos, and so its correlation function is really ξ MM (lcdm), which slightly differs from what we need as a reference namely, ξ MM (lcdm), and we can obtain this simply obtain this ratio of underlying mass correlations with and without neutrinos from the CAMB code for which standard neutrino suppression of the matter power spectrum is provided. We show this comparison of theory and data correlation length ratios in Fig. 2 for differing values of the neutrino mass, revealing that the data indicates a total neutrino mass of m tot = 0.11 ± 0.027eV, that lies above the minimum allowed from oscillation experiments of 0.056eV, at the 95% level.
We can make a rough consistency check of this result that is independent of the simulation based comparison used above by looking at the absolute value of r 0 from a weak-lensing based mass richness relation for this same cluster sample derived in [36] . To calculate this quantity, we use the fact that at r = r 0 the halo-halo correlation function is unity, by definition and seek b
2 P(k)W(kr) = 1, and, we use the ST bias as the input into the above formula. The results are given in Fig. 3 . We can see this independently predicted relation has a similar slope to the data, providing confirmation of the GRF hypothesis via this independent method. The mean value (marked in red) is slightly higher than the pure CDM predictions, in the range 0.08eV < m ν < 0.13eV.
FIG. 2:
Data points indicating the amplitude ratio of the measured correlation function, compared to the pure CDM expectation for three independent richness bins (blue points) and the mean (red point). The models include the bias enhancement when standard neutrinos are added to the dominant CDM model:
, calculated in two different ways following the BBKS method and from modifying the ST approach. Note that the data is sensitive light neutrinos and that that the methods agree well in terms of this predicted bias ratio. , where m ν is left free to vary. Notice that Planck alone provides an upper 1σ limit on m ν that is much larger than our relatively precise cluster based estimate indicated by the grey bands for our 2σ limits. . This distribution is not in any tension with σ 8 and H o adopted in the MXXL simulation comparison used for deriving our cluster-based neutrino mass estimate. Also marked (vertical dashed lines) are the normal and inverted hierarchy oscillation based minimum masses, 0.056eV and 0.1eV, respectively. The two currently discussed locally derived estimates of H o are included here, [40, 41] , showing the known tension between the independent Planck 2015 and Riess et al 2017 analyses.
Discussion and Conclusions
We have shown here that even the minimum mass density of standard relic neutrinos is expected to enhance the clustering length of galaxy clusters by at least 3%, relative to pure cold dark matter. This bias induced boost to the clustering of clusters is more than an order of magnitude larger than the effect of neutrinos on the general power spectrum of galaxies because the clustering bias of clusters is approximately three times that for galaxies on average and the correlation function amplitude scales as the square of this bias. Furthermore, the sign of this boost in the clustering of halos has the opposite sign to the usually sought suppression of the matter power spectrum of the mass density field which is predicted to "step" down on scales below the predicted free streaming scale of 100M pc. This enhancement of the halo correlation function is noted in simulations of [50] and also visible in Rizzo et al [51] , Fig. 5 , when incorporating light neutrinos.
The carefully defined RedMaPPer clusters from the SDSS with full spectroscopic redshifts, [1] provides a large complete sample of clusters with accurate redshifts. Using this data we find a 6% bias enhancement of the correlation length of clusters, corresponding to total neutrino mass of m ν = 0.11±0.027eV, for the standard relic mass density and standard Cosmological parameters. Our inferred neutrino mass lies well below the robust bound of < 0.24eV from the pure Planck collaboration (Planck 2015, Table 4 , column 2), as shown in Fig. 4 , and below subsequent claimed improvements on this upper limit that incorporate additional constraining data from cluster counts [18] the Lyman-α forest [19] .
The uncertainty in our measured correlation function is the main uncertainty in the neutrino mass as it dominates over the now precisely measured cosmological parameters, particularly because σ 8 and Ω m oppose each other in terms of the amplitude of the power spectrum (e.g. Tinker et al, [20] ) as shown in Fig. h-mnu-sigma. Our analysis here makes it clear for the first time that for fixed Ω m , the value of σ 8 is expected to be significantly higher when derived using local clusters compared with σ 8 derived from the CMB, as the former is affected by our neutrino bias enhancement, whereas the CMB relates purely to the mass power spectrum. This difference in σ 8 is 6% for our preferred m ν = 0.11eV and can help account for the "historically" puzzlingly higher values of σ 8 derived for cluster samples (e.g. Eke et al 1996, Bahcall & Fan 1998) than derived from the CMB.
Uncertainty in the optical depth to the CMB, τ, should be kept in mind, as shown in Fig. 4 , because τ has been revised heavily downward in the course of WMAP and Planck analyses from 17% to 5-6% today with the addition of new polarization measurements with Planck. The neutrino mass density is principally degenerate with the amplitude of the power spectrum as neutrinos and CMB scattering both smooth the density, which then implies a higher τ can be offset by a higher normalization of the power-spectrum, Ω v tot ∝ σ 8 e −2τ . This lower τ from Planck implies a relatively late epoch of galaxy formation, depending on the duration of Reionization [42] , which is encouragingly supported by the apparent shortage of high redshift galaxies at z > 9 up to the current limit, z 11 [43] [44] [45] . We also show in Figure 5 that our result is quite consistent with the local value of H o from Efstathiou et al (2015) , but slightly increases the mild tension with the upwardly revised local estimate from Riess et al (2017) , in terms of the joint Plank-BAO constraints, [39] , where m ν is allowed to be free, as shown in Fig. 5 .
At face value our result is in best agreement with the inverted based hierarchy minimum mass of 0.1eV when using the minimum masses from oscillation based work, and our result is in some tension with the minimum value for the normal hierarchy of ∼ 0.056eV at the 95% confidence level. However, if ongoing laboratory results from the NOvA and T2K collaborations appear to favor a normal neutrino mass hierarchy [46, 47] , then our result may imply a somewhat higher total neutrino mass than the minimum oscillation based value, m ν 0.056eV, or perhaps the standard relic density underestimates the total cosmological neutrino density by a factor of two, implying an additional light neutrino contribution.
We are currently examining numerical simulations incorporating light neutrinos that sample a relatively fine range of m ν , and optimized for cluster scales so that we may forecast accurately the strength of this effect for upcoming surveys (Zeng et al 2017) . With this we also aim to improve upon our result by jointly fitting the cluster correlation function enhancement and the cluster abundance suppression. We will also use the simulations to make an assessment of the preferred mass range for constraining relic neutrinos, as the halo mass function is so steep M −4 in the cluster regime that selecting groups > 10 13 M , may prove more fruitful than expanding the survey volume. An elegant group definition for the SDSS has been devised by Zhao et al [48] for which the mean bias is b 2, similar to the luminous red galaxy (LRG) mass scale, so that we may use these large samples with redshift measurements for a significant improvement.
We can also improve upon our precision for m ν by defining a more accurate weak lensing based mass-richness relation for a representative subset of our complete cluster sample,with the upcoming wide field JPAS survey [52] that can go beyond the careful SDSS based work of Simet et al (2017) with greater depth and higher angular resolution over the Northern sky, including the redMapper clusters provided by JPAS.
We can see that pursuing the above practical improvements is really well motivated given how close we are already to achieving the accuracy required to definitively distinguish between the inverted and normal hierarchies and the fully mass degenerate minimum of m ν 0.15eV. Furthermore, with future data reaching higher redshift we may also examine the redshift dependence of the combined correlation amplitude and cluster abundance evolution to test whether the lightest relic neutrino eigenstate remains relativistic until today.
